Giant magnetoresistance ͑GMR͒ effect of CoNi/ Cu nanowires grown by electrodeposition using an array of parallel through holes in anodized alumina membranes was studied in the current-perpendicular-to-plane ͑CPP͒ geometry as a function of the CoNi and Cu layer thicknesses. The CPP-GMR measurements were carried out by making a point contact with individual nanowires using a metallic plunger tip. In the range of the CoNi layer thickness t CoNi = 2 -510 nm and that of the Cu layer thickness t Cu = 4.2-42 nm, the maximum value of CPP-GMR change observed in the CoNi/ Cu nanowires was 23% at room temperature. The variation of the CPP-GMR with t CoNi at fixed t Cu and that with t Cu at fixed t CoNi is discussed in terms of the series-resistor model and the Valet-Fert model for CPP-GMR. The effects of various factors such as superparamagnetism in very thin CoNi layers and dipole-dipole interactions between CoNi layers on the CPP-GMR of CoNi/ Cu nanowires are also discussed.
I. INTRODUCTION
Giant magnetoresistance ͑GMR͒ effect observed in magnetic multilayer films consisting of alternating magnetic and nonmagnetic layers represents a relatively large change in the electrical resistance when an external magnetic field is applied to the films. 1 The GMR effect was first observed in the current-in-plane ͑CIP͒ geometry, which has been used in the read-head components of hard disk drives since 1997. 2 The study of the GMR effect is very important for the development of science and technology for future device applications, and further research efforts have been made to better understand the fundamental mechanism of the spin-transport phenomena. The GMR effect of magnetic multilayers measured in the current-perpendicular-to-plane ͑CPP͒ geometry is technologically more advantageous than that in the CIP geometry because the CPP-GMR is usually larger than the CIP-GMR. 3 It is possible to gain insights into the spintransport mechanism in CPP-GMR by interpreting experimentally obtained GMR data with appropriate theoretical models. The analysis using these theoretical models is expected to help in determining various physical parameters important to explain the spin-transport properties. However, it is technically challenging to measure and characterize the CPP-GMR effect of a conventional multilayer thin film due to its very small resistance across the film because the film thickness is much smaller than its lateral dimensions. Pratt et al. has managed to measure the CPP-GMR effect of multilayer films at low temperatures by a complicated method that is based on a superconducting quantum interference device ͑SQUID͒. 4 The CPP-GMR effect of magnetic multilayers has also been studied at room temperature in the form of lithographically-patterned pillars, 5, 6 films grown on grooved substrates, 7 and electrodeposited nanowires. [8] [9] [10] [11] Electrodeposited multilayer nanowires provide an ideal opportunity to investigate the CPP-GMR effect since nanowires with large aspect ratio ͑length/diameter͒ can be easily grown.
The high aspect ratio of nanowires would ensure much higher electrical resistance than that of thin films so that the CPP-GMR effect can be measured more accurately. Electrodeposited multilayer nanowires can be grown into a pore pattern of templates made of various materials such as anodized alumina and polycarbonate. [8] [9] [10] [11] Although multilayer nanowires are ideal for the study of the CPP-GMR effect as described above, there remains a technical difficulty in making an electrical contact with individual nanowires for the CPP-GMR measurements. When nanowires are made inside the pores of a template, the conventional four-point probe method cannot be simply employed in this geometry. Also, the number of nanowires used for CPP-GMR measurements should be minimized in order to maintain a relatively large electrical resistance. One method to limit the number of nanowires is to coat a thin conducting layer on the top surface of a template so that the growth of the nanowires can be terminated when the first nanowires reach the top conducting surface, which can be monitored as a sudden increase in the deposition current. 12 Then silver epoxy or paste is used to secure a conducting wire from the top surface of the template in order to establish a closed electrical circuit for MR measurements. The use of silver epoxy or paste may hamper subsequent measurements such as structural or chemical composition analysis. There are several other methods such as the conventional four-point probe method 13 and a use of conductive-tip atomic force microscopy ͑CT-AFM͒ ͑Ref. 14͒ to measure the CPP-GMR effect of multilayer nanowires. In the case of the four-point probe method, an individual multilayer nanowire needs to be placed onto a stage fabricated with four nanoscale electrodes under scanning electron microscopy ͑SEM͒ and electrically connected with the electrodes by electron beam lithography. 13 The CT-AFM method is carried out by forming an electrical contact between the conductive AFM tip and multilayer nanowires made in the holes of a template. 14 Our first tasks in this work were to technically establish an easy and reliable method and to measure the CPP-GMR of multilayer nanowires using this method. To achieve the tasks, we utilized a spring-loaded metallic plunger tip that has a micron-size round-shaped head to make an electrical contact with CoNi/ Cu nanowires electrodeposited in the holes of an alumina template. This simple method enables us to measure the CPP-GMR effect of selected CoNi/ Cu nanowires at a desired location on the surface of a template.
Previously reported CPP-GMR data have been mostly interpreted using the series-resistor model 15, 16 since it provides a better approximation for the CPP-GMR than the CIP-GMR. The series-resistor model was initially developed using the two-current model proposed by Mott. 17 The Mott model assumes that no spin-flip scattering occurs during the transport of electrons and that the currents through the two different spin channels ͑spin up and spin down͒ are described independently. Under these assumptions, the conduction through these spin channels occur in parallel. Lee et al. further developed the series-resistor model for the CPP-GMR effect of magnetic multilayers. 18 Lee's model takes into account various parameters that contribute to the CPP-GMR effect. These parameters include the resistivity of nonmagnetic layers, the spin-dependent resistivity of magnetic layers, the spin-dependent interfacial resistance between magnetic and nonmagnetic layers, and the contact resistance by superconducting leads used for the measurement. The seriesresistor model is not valid when the spin flipping is not negligible for the CPP-GMR in multilayers.
Valet and Fert 19, 20 proposed a different model that modified the series-resistor model and took into account the spin relaxation due to spin-flip scattering in addition to the normal relaxation of electrons associated with momentum. For the steady-state spin transport in a magnetic multilayer, the spin relaxation is balanced with the spin accumulation at the layer interfaces when electrons move in the direction perpendicular to the interfaces. The spin-flip scattering is quantitatively described by the spin-diffusion length. The spin-diffusion length is an important parameter in the Valet-Fert model. When the layer thicknesses are much shorter than the spindiffusion length, the Valet-Fert model simply represents the same as the series-resistor model.
In this work, CoNi/ Cu nanowires with various thicknesses of CoNi and Cu layers were prepared and characterized using a point contact method to gain further insight into the mechanism of the CPP-GMR effect. The obtained data were then interpreted using the series-resistor model and the Valet-Fert model. The effects of various factors such as dipole-dipole interactions between CoNi layers and superparamagnetism in very thin CoNi layers on the CPP-GMR effect in CoNi/ Cu nanowires will also be discussed.
II. EXPERIMENTAL

A. Electrodeposition of CoNi/ Cu multilayer nanowires
CoNi/ Cu multilayer nanowires were grown by electrodeposition using a commercial anodized alumina template ͑Anodisc®͒ that has an array of pores with 60 m in length. According to the supplier of the templates, each 60 m-long pore consists of two sections A and B in series: section A has several parallel pores with the size of 20 nm in diameter and 1-2 m in length, and section B has a pore with the size of ϳ250 nm in diameter and 58-59 m in length. The detailed information about the template can be found in Ref. 21 . The surface of the template ending with section A was coated by 120-nm-thick gold layer using thermal evaporation. This coated surface was used as a working electrode for electrodeposition. The thickness of the gold layer was chosen so that the entire surface area including the open ends of the pores was completely covered with the gold layer. An electrical contact was then made to the gold layer using a conductive tape. The entire area of the gold layer coated side was masked with an insulating tape. Only pores on section B of the template were exposed. The template was then submerged in an electrolytic solution containing 2.3 M Ni͑SO 3 NH 2 ͒ 2 , 0.4 M CoSO 4 , 0.025 M CuSO 4 , and 0.5 M H 3 BO 3 at pH 2.2. The Cu 2+ concentration was kept low so that the rate of reduction for Cu was slow and limited by its diffusion in the solution. Electrodeposition of multilayer nanowires was performed at room temperature using a potentiostat/galvanostat ͑EG&G Princeton Applied Research Model 273͒. The electrodeposition cell used for the nanowire growth consists of three vertically-positioned electrodes: a working electrode described above, a counter electrode made of platinum, and an Ag/ AgCl reference electrode. The multilayer nanowires were electrodeposited potentiostatically by periodically switching the deposition potential between −0.2 V ͑vs Ag/ AgCl͒ for Cu layer deposition and −1.0 V ͑vs Ag/ AgCl͒ for CoNi layer deposition. The thickness of each layer was controlled by monitoring the pulse duration which corresponds to the cumulative charge transferred during the deposition based on Faraday's law of electrolysis. The electrodeposition process was terminated after nanowires grew to the end of the pores in section B of the template.
The structure and the chemical composition of CoNi/ Cu nanowires were examined using scanning electron microscopy ͑SEM͒, x-ray diffraction ͑XRD͒, and wavelength dispersive spectrometry ͑WDS͒. After multilayer nanowires were grown, the alumina template was carefully removed from the nanowires by etching it away using 4 M NaOH, and the nanowire structure was examined by SEM. The SEM image shown in Fig. 1͑a͒ clearly demonstrates that the nanowires have a multilayer structure consisting of periodicallyalternating CoNi and Cu layers with layer thicknesses t CoNi = 155± 9 nm and t Cu = 18± 3 nm, respectively. The nanowires have an average diameter of about 250 nm. The XRD data obtained for CoNi/ Cu nanowires ͑not shown here͒ reveal that the nanowires have a FCC structure with a ͑111͒ texture developed in the direction along the nanowires. 22 The compositional analysis of electrodeposited CoNi alloy by WDS has revealed that the composition of the CoNi layers is about Co: Ni= ͑56.4± 5.4͒ : ͑43.6± 5.4͒ when the layers are thicker than 10.2 nm.
B. Magnetotransport measurements
The CPP-GMR of CoNi/ Cu nanowires was measured using a point-contact method shown in Fig. 1 . After nanowires were electrodeposited into pores of a template, the topside of the 60 m-thick alumina template was mechanically polished down to approximately 30-40 m thickness using 0.3-m alumina abrasive particles. See Fig. 1͑b͒ . After the mechanical polishing, a conductive copper tape was electrically connected to the gold coating layer of the template for MR measurements. To make an electrical contact for the MR measurement, a metallic plunger tip was approached to the polished side of the nanowires. The distance between the tip and the sample was manually adjusted using a micrometer with a 2-m step size. The plunger tip used for this study is a gold-plated high-performance spring-loaded probe ͑Everett Charles Technologies Model HPA-1B͒. The tip is springloaded on the sample surface to assure its stable contact for MR measurements. After a stable contact was made, magnetotransport measurements were carried out at room temperature under applied magnetic fields up to 9 kOe. The field was applied in the direction perpendicular to the axis of the nanowires. Using this point-contact method, CPP-GMR of selected nanowires at a desired location in the sample can be measured so that it is possible to perform a number of measurements at different locations on the same sample. In contrast, the conventional method to make an electrical contact using a silver epoxy without polishing the topside of the template allows us to measure only the longest nanowires grown all the way to the end of their pores in the template. Hence there are limited locations in the sample available for MR measurements. It is also cumbersome if the silver epoxy needs to be subsequently removed for other measurements.
Typical magnetoresistance ͑MR͒ curves measured under various contact conditions using the plunger tip for CoNi/ Cu nanowires with t CoNi = 10.2 nm and t Cu = 4.2 nm are shown in Fig. 2 . R AP and R P are respectively the resistance at the peak position and the resistance at the saturation field of the MR curve, and ⌬R is the difference between R AP and R P . The different values of resistance R AP shown in Figs. 2͑a͒-2͑d͒ were obtained when the value of ⌬R / R P was maximum under conditions when a different number of nanowires were contacted by the plunger tip. It can be readily seen that the measured MR value is nearly independent of the number of contacted nanowires, indicating that the quality and the layer thicknesses of the nanowires are fairly uniform. As shown in should be approximately inversely proportional to the number of nanowires. When the contact resistance is negligibly small and all the nanowires are expected to exhibit the same MR change, the net MR change should be independent of the number of nanowires being measured. The MR of a single nanowire is expressed as MR One = ⌬R One / R One P . Correspondingly, the MR of n numbers of nanowires in parallel is
The factor n in the nominator and denominator cancel each other. Therefore the MR is independent of the number of nanowires n being measured. However, the actual MR changes measured in the nanowires are larger when R AP ϳ 20 ⍀ than the value obtained for other R AP as shown in Fig. 2͑e͒ . To explain the observed variation of MR, it is necessary to take into account the contact resistance arising during the MR measurements. In this case, the MR change can vary with the number of nanowires as shown by the following expressions:
FIG. 1. ͑Color online͒ ͑a͒ An SEM image of CoNi/ Cu nanowires and ͑b͒ a schematic representation for the sample preparation process of the multilayer nanowires. The thicknesses of CoNi and Cu layers in the CoNi/ Cu nanowires shown in ͑a͒ are, respectively, t CoNi = 155± 9 nm and t Cu = 18± 3 nm. In the sample preparation process, nanowires were first electrodeposited in the pores of an anodized alumina template, and the topside of the template was then mechanically polished using 0.3 m alumina abrasive particles. The point contact method used for the magnetoresistance measurement employs a plunger tip pressed onto the top surface of the polished sample. The black arrow in ͑b͒ represents the direction of an applied magnetic field H. and
The contact resistance may originate from two possible causes: R n contact point from the interface between the plunger tip and the sample, and R n contact cable from the bulk resistance of cables and the interface between cables.
R n contact = R n contact point + R n contact cable . ͑3͒
When n is large, the resistance of the nanowires decreases and becomes comparable to R n contact cable so the MR change is relatively smaller. As n is reduced, the contribution of R n contact cable to the overall resistance becomes relatively less significant, the MR changes are larger than those with large n, as shown in Fig. 2 . On the other hand, the MR change slightly decreases as n becomes very small. We speculate that the observed variation of the MR change is due to a relatively large contact resistance between the plunger tip and the sample. It is technically challenging to precisely control the number of contacted nanowires n every time the tip is placed on the sample for a measurement. It is also difficult to determine the number n from the contact area between the tip and the sample. The plunger tip has a semispherical shape of diameter ϳ80 m. The actual contact area between the tip and the sample may be much smaller than the surface area of the tip. In this case, the number n would depend on both the uniformity of the nanowires' length and the actual contact area between the tip and nanowires. Although in principle many nanowires can be in contact with the 80 m tip, in reality only a small fraction of them were contacted with the tip for MR measurements. Hence, a limited number of nanowires can be measured using the 80 m diameter plunger tip. Generally no obvious deformation of the tip was observed by optical microscopy after MR measurements however occasionally a partial deformation of the tip was found when it was pressed directly onto an alumina template.
The number of contacted nanowires n can be approximately estimated using the R AP values obtained from MR measurements, the previously-obtained resistivity data for Co and Cu, and the interfacial resistance between Co and Cu layers. 23 Provided that the bulk resistance and the interfacial resistance of CoNi/ Cu nanowires are similar to those of Co/ Cu nanowires, the estimated resistance of a CoNi/ Cu nanowire with t Cu = 4.2 nm, t CoNi = 10.2 nm, and length 30 m is ϳ300 ⍀. When the contact resistance is negligibly small, the number of nanowires n estimated from the experimental data shown in Fig. 2͑a͒ is ϳ3 since the value R AP ϳ 97 ⍀ is approximately one third of the estimated resistance of a single nanowire. Similarly, n = ϳ 10, ϳ15, and ϳ100 for the data shown in Figs. 2͑b͒-2͑d͒ , respectively. The actual number of nanowires measured in each case was probably within a few times larger or smaller than these estimated values. 
III. CPP-GMR RESULTS
The CPP-GMR of CoNi/ Cu nanowires was systematically studied as a function of the layer thicknesses. First, the Cu thickness t Cu was varied from 4.2 nm to 42 nm when the CoNi layer thickness t CoNi was fixed at 10.2 nm, and second, t CoNi was varied from 2 nm to 510 nm when t Cu was fixed at 4.2 nm.
A. Cu layer thickness dependence of MR
The magnetoresistance ͑MR͒ curves were obtained at room temperature for CoNi/ Cu nanowire samples with various Cu layer thicknesses t Cu = 4.2 nm, 8.4 nm, 12.6 nm, 21 nm, and 42 nm and fixed CoNi layer thickness t CoNi = 10.2 nm. The CPP-GMR curves for selected samples are shown in Fig. 3 . As shown in the t Cu dependence of GMR in Fig. 4͑a͒ , the MR change decreases with increasing t Cu from 4.2 to 42 nm. The decrease in MR change with increasing t Cu can be explained using the series-resistor model or the Valet-Fert model under the long spin diffusion approximation. It can also be shown that the saturation field determined from the MR curves decreases with increasing t Cu , probably due to a reduced dipole-dipole interaction between neighboring CoNi layers. The effect of interlayer dipole-dipole interaction on the MR curves will be discussed in detail in Sec. IV A.
B. CoNi layer thickness dependence of MR
The magnetoresistance ͑MR͒ curves were measured at room temperature for CoNi/ Cu nanowire samples with various CoNi layer thicknesses t CoNi = 2 nm, 10.2 nm, 17 nm, 34 nm, 51 nm, 102 nm, 170 nm, and 510 nm and a fixed Cu layer thickness t Cu = 4.2 nm. The MR of CoNi nanowires without Cu layers was also measured and compared with the data for CoNi/ Cu nanowires. Figure 5 shows the CPP-GMR curves for selected samples. As shown in Fig. 6͑a͒ , with increasing t CoNi the MR change first increases and reaches a maximum at t CoNi = 17 nm and then decreases for t CoNi Ͼ 17 nm. At t CoNi Ͼ 510 nm, the MR change does not show much variation with increasing t CoNi . The reduced MR changes for small t CoNi may be due to discontinuity of very thin CoNi layers. The effects of discontinuity in very thin CoNi layers on the MR change will be discussed in detail later. The decrease in MR change with increasing t CoNi from 34 nm to 170 nm can be explained using the Valet-Fert model. The approximately constant MR change for t CoNi ജ 510 nm is probably due to the existence of anisotropy magnetoresistance ͑AMR͒. The experimental data of CPP-GMR obtained for CoNi/ Cu multilayer nanowires can be explained using theoretical models such as the series-resistor model 15, 16 and the Valet-Fert model. 19, 20 The series-resistor model is based on the Mott's two-current model, 17, 18 which points out that the electrical conductivity of metals can be described in terms of two independent channels for conduction electrons with up spin and down spin. The net flow of conduction electrons occurs through these channels, and the overall conductivity of a metal is given as the sum of the conductivities of these spin channels. In the series-resistor model each layer or interface is treated as an independent resistor, and the resistors for electrons with each type of spin are summed through the spin channel. In general, the alignment of magnetizations in magnetic layers of a multilayer can be changed by applying a magnetic field, and the resistance of the multilayer varies with the alignment of the magnetizations. According to the series-resistor model, the MR can be described by various parameters including the resistivity F of the magnetic layer, the bulk spin asymmetry coefficient ␤, the renormalized resistivity of the magnetic layer F * = F / ͑1−␤ 2 ͒, the resistivity of the nonmagnetic layer N * ͑= N ͒, the interfacial spin asymmetry coefficient ␥, the renormalized interfacial resistance per unit area r b * = r b / ͑1−␥ 2 ͒, the nonmagnetic layer thickness t N , and the magnetic layer thickness t F . The resistivity for the up-spin channel ↑ F and that for the down-spin channel ↓ F in the magnetic layers are given as
In nonmagnetic layers, the resistivity for the up-spin channel is equal to that for the down-spin channel
The interfacial resistivity per unit area for the up-spin channel r ↑ and that for the down-spin channel r ↓ are expressed as
When a multilayer with N bilayers ͑i.e., N pairs of magnetic and nonmagnetic layers͒ is considered, the resistance R AP in the antiparallel alignment of magnetizations and the difference ⌬R between the resistance of antiparallel alignment and that of parallel alignment R P are, respectively, given by 
Alternatively, these equations can be written as
The above expression shows that ͑⌬R / R AP ͒ −1/2 varies linearly with the nonmagnetic layer thickness t N . Most experimental data obtained for CPP-GMR have been interpreted using the series-resistor model. The series-resistor model is generally a better approximation to explain the CPP-GMR than the CIP-GMR, 24 assuming that there is no spin-flipping effect between the two spin channels. The series-resistor model is applicable when spin-flipping is negligible when the thicknesses of both the magnetic and nonmagnetic layers are much smaller than the spin diffusion lengths for the metals in the layers. The concept of spin diffusion length was introduced in the Valet-Fert model of CPP-GMR. 19 
where p is the fraction of consecutive magnetic layers that have magnetizations aligned antiparallel. It should be noted that the spin-mixing effect associated with a spin-moment transfer between the two spin channels by spin-flipping electron-magnon scattering has not been considered in Eqs. ͑9͒ and ͑10͒. The spin-mixing effect has been introduced in the Valet-Fert model. 26 However, as shown in Ref. 27 , the spin-mixing effect does not make much difference in extracting parameters such as ␤ from Eqs. ͑9͒ and ͑10͒ since the resistivity due to the spin-mixing effect is much smaller than the renormalized resistivity F * at any temperature including room temperature. Hence in the qualitative discussion of the CPP-GMR data obtained for CoNi/ Cu multilayer nanowires, the spin-mixing effect can be neglected when Eqs. ͑9͒ and ͑10͒ are used to explain the data. Also, it is difficult to rigorously determine all these parameters from experimental data, however it is possible to qualitatively estimate some of these parameters.
According to the Valet-Fert model in the long spin diffusion limit or the series-resistor model, ͑⌬R / R AP ͒ −1/2 varies linearly with the nonmagnetic layer thickness t N as given by Eq. ͑9͒. We evaluated our data by plotting ͑⌬R / R AP ͒ −1/2 as a function of t Cu as shown in Fig. 4͑b͒ to assess whether the experimental data agree with the theoretically estimated values and indeed we found a good agreement between them. The fitting curve obtained from Eq. ͑9͒ is in the form of
Using the data given in Fig. 4͑b͒ , we obtained a = 0.21± 0.01 and b = 1.31± 0.23.
As shown in Eq. ͑10͒ in the limit of t N Ӷ l N and t F ӷ l F , ͑⌬R / R P ͒ −1 is proportional to t F and can be described as
where c = 1−␤ 2 2p␤ 2 l sf F . To obtain a better fitting of the Valet-Fert model given in Eq. ͑10͒ to our experiment data, we chose the value of t CoNi in the range 30-170 nm, see Fig. 6͑b͒ . In this condition, t CoNi is larger than the spin diffusion length l sf F for CoNi, and the contribution from AMR is probably negligible compared to the contribution from GMR. The best fitting yields c = 0.42± 0.03. The linear variation agrees with the trend predicted from Eq. ͑10͒. This agreement also indicates that the value of p is constant in this range of t CoNi ; any CoNi/ Cu multilayer samples with t CoNi in this range would have the same fraction of magnetizations aligned antiparallel to each other between successive magnetic layers when the MR is at a maximum.
It is shown that the Cu layer thickness t Cu dependence of CPP-GMR for t CoNi = 10.4 nm and t Cu = 4.2-42 nm can be consistently explained using the Valet-Fert model when the spin diffusion length is sufficiently long. Hence it is reasonable to deduce that the spin diffusion length l sf F for CoNi is larger than t CoNi ͑=10.4 nm͒, and the spin diffusion length l sf N for Cu is larger than t Cu = 42 nm which is the maximum Cu layer thickness examined. According to the Valet-Fert model, the MR is expected to decrease exponentially with increasing t Cu when t Cu Ͼ l sf N . To gain further insights into the spin transport mechanism in CPP-GMR, we define an additional parameter g which represents the ratio of the interfacial resistance to the bulk resistance for CoNi layers. The parameter g is defined by
where the parameter ␥ is described in terms of ␤ and g as
As shown in Eq. ͑12͒, ͑⌬R / R P ͒ −1 is proportional to t F for multilayers with t F = 34-170 nm and t N = 4.2 nm and dependent on l sf F , p, and ␤ besides t F . The linear dependence of ͑⌬R / R P ͒ −1 on t F shows that p is approximately constant in this range of t F . When t N is small, the dipole-dipole interaction between neighboring magnetic layers may not be negligible. In this case, the interaction tends to align the magnetizations of successive magnetic layers antiparallel to minimize the magnetostatic energy so that the value of p increases and approaches unity when they become perfectly antiparallel. In the real system, it is likely to have p Ͻ 1. More detailed discussion on the effects of the dipolar interlayer coupling on the CPP-GMR in CoNi/ Cu nanowires is described later.
To estimate the values of ␤ and ␥, it is probably reasonable to assume that p = 0.75 which represents the intermediate state between the perfectly antiparallel alignment ͑p =1͒ and a completely random alignment ͑p = 0.5͒. When the spinmixing effect is not considered and p = 0.75 for Eq. ͑12͒, one obtains ␤ Ͻ 0.37 for the bulk spin asymmetry coefficient of CoNi since l sf F is greater than 10 nm. Also, since g Ͼ 0, ␥ has to be greater than 1 / b͑=0.76͒. Hence it is inferred that ␤ Ӷ ␥. Indeed, the same relationship has been previously reported for the CPP-GMR of Co/ Cu multilayers measured at low temperatures. [28] [29] [30] [31] [32] Various Co/ Cu multilayer thin films [28] [29] [30] and nanowires 31,32 prepared using different fabrication methods have been studied and found to give quite different values of the bulk resistivity of the layers. The observed variation of the bulk resistivity, which may be due to the different defect densities in the samples can lead to a variation of the spin-asymmetry scattering parameters ␤ and ␥. However, ␥ Ͼ ␤ for bulk Co which is essentially independent of the fabrication method. It is inferred that the spindependent interfacial scattering plays an important role in determining the CPP-GMR effect in multilayers. According to Eq. ͑9͒, the bulk resistance becomes comparable to the interfacial resistance when t F =2␥r b * / ␤ F * = g␥ / ␤. Since ␤ Ͻ 0.37 and ␥ Ͻ 1, it indicates from Eq. ͑13͒ that g Ͼ 1.66. When the bulk resistance has a larger contribution to the CPP-GMR than the interfacial resistance, it indicates that t CoNi Ͼ 36 nm assuming ␥ = 0.8. Hence, when the magnetic layers have a thickness of a few nanometers, the dominant contribution to the CPP-GMR is the spin-dependent interfacial resistance.
B. Effect of dipole-dipole interactions between magnetic layers on CPP-GMR
Among various methods available to characterize magnetic properties of materials, magnetoresistance ͑MR͒ measurement has several advantages over other methods such as vibrating sample magnetometry ͑VSM͒ and SQUID. For example, the MR measurement does not strongly depend on the magnetization of the sample, because for MR the resistance of the sample is measured, whereas for VSM and SQUID, the magnetic moment is measured, requiring that the magnetic moment of the sample should be larger than the detection limit of the VSM or SQUID. In the case of CoNi/ Cu nanowires, their magnetization may be very weak when t CoNi is very small. Also, magnetic moment measurement techniques are mostly designed to probe the magnetization of an entire sample. In contrast, it is possible to measure the magnetic behavior of individual nanowires by MR measurement.
Indeed, the MR data obtained for CoNi/ Cu nanowires shown in Fig. 3 can be utilized to gain insights into their magnetic behavior. Figure 7 shows that the saturation field H sat of CoNi/ Cu nanowires tends to decrease with increasing t Cu probably due to the decreasing dipole-dipole interaction between the adjacent CoNi layers. When the CoNi layers are in a thin disk shape, the dipolar interlayer coupling tends to align the magnetizations of adjacent CoNi layers antiparallel to each other. 33, 34 Since t Cu is in the range 4.2-42 nm, RKKY-type exchange interlayer coupling [35] [36] [37] should be negligibly small. However, the dipolar interlayer coupling may not be negligible and induces antiparallel alignment of magnetizations in the magnetic layers. In this case, some of the CoNi layers have magnetizations oriented differently and produce magnetostatic stray fields around the neighboring magnetic layers so that the effective magnetic field is reduced. When a magnetic field is applied perpendicular to the nanowire axis ͑i.e., parallel to the CoNi layers͒, magnetization reversal occurs when the applied field exceeds the magnetostatic field H dipo associated with the dipolar interlayer coupling. When the dipolar interlayer coupling prevails, H sat increases. When each magnetic layer is approximated to be a dipole, 38 has found that a linear dependence of ͑⌬R / R AP ͒ −1/2 on t Cu in Py/Cu nanowires can be observed only when the permalloy layers are thin ͑a few nanometers͒ and the Cu layers are thick, e.g., t Py = 4 nm and t Cu Ͼ 20 nm. With increasing t Cu , the dipolar interlayer coupling decreases so that the magnetization of the Py layers can be aligned more randomly ͑or p decreases͒. In the case of CoNi/ Cu nanowires with thin disk-shaped CoNi layers, the dipolar interlayer coupling does not cause a significant deviation from the relationship represented by Eq. ͑9͒. Hence, the dipolar interlayer coupling may not have a significant effect on the MR but can modify the sharpness of the MR curve by changing H sat .
The effect of dipolar interlayer coupling on CPP-GMR in CoNi/ Cu nanowires also depends on t CoNi . As shown above for CoNi/ Cu nanowires with thin disk-shaped CoNi layers, the dipolar interlayer coupling can induce an antiparallel alignment of magnetizations between the CoNi layers. In contrast, the dipolar interlayer coupling in CoNi/ Cu nanowires with thick rod-shaped CoNi layers tends to align their magnetizations parallel to each other in the direction along the nanowire axis. Since a linear dependence of GMR on 1/t CoNi is observed in Fig. 6 , it is reasonable to expect a constant value of p for various t CoNi . However, Dubois et al. obtained a different result for Py/Cu nanowires with the diameter of 90 nm. Indeed, they observed that the GMR was not inversely proportional to t Py in the range of t Py they studied. 38 They attributed the observed deviation to a decrease in the parameter p for Py/Cu nanowires with thick permalloy layers and thin Cu layers. To explain the difference between our results for CoNi/ Cu and Dubois's results for Py/Cu, the difference in the diameter of the nanowires should be considered. The diameter of our CoNi/ Cu nanowires is about 250 nm, while that of Py/Cu nanowires is 90 nm. When nanowires of the exact same layer thicknesses are compared, the aspect ratio ͑layer thickness/wire diameter͒ of the layers in CoNi/ Cu would be smaller than that of Py/Cu. Hence in the case of CoNi/ Cu nanowires, the observed linear dependence of GMR on 1 / t CoNi when t CoNi = 34-170 nm suggests that the parameter p is approximately constant in this thickness range.
C. Superparamagnetic effect on CPP-GMR in ultrathin magnetic layers
Theoretical models typically assume an ideal and simplified case or a perfectly-layered multilayer structure. However, real multilayer samples often contain structural imperfections such as interfacial roughness and defects. For example, when magnetic layers are very thin, they may break into isolated segments or islands due to the interfacial roughness or nonuniformity of the layer thickness. The volume of individual islands may be so small that they exhibit a superparamagnetic behavior at room temperature, which would not be observed when the multilayer has a perfectly layered structure. 39 For example, the existence of structural imperfection in a multilayer is inferred in the MR data shown in Fig. 8 for CoNi/ Cu nanowires with t CoNi = 2 nm. The MR curve is not saturated up to 9 kOe in this case, which is probably due to the presence of fragmented magnetic layers that exhibit superparamagnetism. Because the magnetic segments are likely to have a size distribution within the sample, smaller segments may be superparamagnetic ͑SPM͒ and larger ones may be ferromagnetic ͑FM͒. In this case, the MR data would indeed reflect both FM and SPM contributions. The superparamagnetic behavior of small magnetic elements can be described by the Langevin function L͑␣͒ = coth͑␣͒ −1/␣, where ␣ = H / kT, is the magnetic moment of a SPM element, k is the Boltzmann constant, and T is temperature. The saturation field H sat for a SPM element is dependent greatly on its size and usually larger than H sat for a FM element. It has been previously shown for the CIP-GMR of electrodeposited Co/ Cu films [40] [41] [42] [43] that the MR data actually represent both the contribution from the FM regions which is constant and that from the SPM regions which is field dependent when the data are obtained under magnetic fields H larger than H sat for the FM regions. That is, for H larger than H sat , the net MR is given by the sum of the ferromagnetic term MR FM and the superparamagnetic term MR SPM as
The SPM term can be described by the Langevin function, i.e., MR SPM ͑H͒ is proportional to L͑␣͒. The MR data obtained for CoNi/ Cu nanowires with t Cu = 4.2 nm and t CoNi = 2 nm can be evaluated using H sat = 3 kOe for the FM regions. To obtain MR SPM ͑H͒, the experimental data for H Ͼ 3 kOe were fitted with the Langevin function L͑␣͒. Subsequently, MR FM ͑H͒ was obtained using Eq. ͑15͒ for the entire range of H, as shown in Fig. 8 . This analysis indicates that the SPM elements in determining the CIP-GMR may be similar to that for the CPP-GMR.
V. CONCLUSIONS
We have measured the CPP-GMR of CoNi/ Cu multilayer nanowires in a wide range of CoNi layer thickness and Cu layer thickness, using a point contact method with a plunger tip. We have found that the number of nanowires used for the GMR measurements does not affect the measured GMR results, although care has to be taken when the number of nanowires is excessive or very few, where the contact resistance may not be negligible.
To explain the experiment CPP-GMR data obtained from the CoNi/ Cu nanowires, the series-resistor model and the Valet-Fert model were utilized to discuss the transport mechanism. When both the Cu layer thickness t Cu and CoNi layer thickness t CoNi are much smaller than the spin diffusion length l of the corresponding materials, i.e., t Cu Ӷ l Cu and t CoNi Ӷ l CoNi , ͑⌬R / R AP ͒ −1/2 varies linearly to t Cu . The obtained results agree well with the series-resistor model or the ValetFert model assuming that the spin diffusion length is sufficiently long. The experimental data and the theoretical models also show that, when t Cu Ӷ l Cu and 170 nmӷ t CoNi ӷ l CoNi , ͑⌬R / R P ͒ −1 is proportional to t CoNi . An analysis of the parameters in CPP-GMR shows that the interfacial spin asymmetry coefficient ␥ is much larger than the bulk spin asymmetry coefficient ␤, indicating that the interfacial scattering is important for the CPP-GMR. However, a deviation of the ValetFert model from the experimental data is observed when t CoNi is very small, probably due to the existence of superparamagnetic layers. There is also a deviation from the experimental data for t CoNi Ͼ 170 nm, where the contribution from anisotropic magnetoresistance ͑AMR͒ is not negligible.
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